Although the rates of chemical reactions become faster with increasing temperature, the converse may be observed with protein-folding reactions. The rate constant for folding initially increases with temperature, goes through a maximum, and then decreases. The activation enthalpy is thus highly temperature dependent because of a large change in specific heat (ACp). Such a ACp term is usually presumed to be a consequence of a large decrease in exposure of hydrophobic surfaces to water as the reaction proceeds from the denatured state to the transition state for folding: the hydrophobic side chains are surrounded by "icebergs" of water that melt with increasing temperature, thus making a large contribution to the Cp of the denatured state and a smaller one to the more compact transition state. The rate could also be affected by temperature-induced changes in the conformational population of the ground state: the heat required for the progressive melting of residual structure in the denatured state will contribute to ACp. By examining two proteins with different refolding mechanisms, we are able to find both of these two processes; barley chymotrypsin inhibitor 2, which refolds from a highly unfolded state, fits well to a hydrophobic interaction model with a constant ACp of activation, whereas barnase, which refolds from a more structured denatured state, deviates from this ideal behavior.
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In 1889, Arrhenius demonstrated that chemical reaction rates are determined by an activation energy (EA) and that the temperature dependence of the reaction rate can be expressed by analogy with the van't Hoff equation-i.e., the temperature dependence of the reaction rate follows that expected for an equilibrium constant between the ground state and the transition barrier (1) . Since, in the Arrhenius theory, the rate constant (k) is determined by the ratio of the activation energy to the temperature, and by the frequency of collisions that produce the reaction (A), the reaction rate becomes faster at higher temperatures (k = AeEA/RT, where R is the gas constant and T is thermodynamic temperature). Most chemical reactions obey the Arrhenius equation and show linear plots of ln k versus 1/T. In enzymatic reactions, however, kinks and curvature in these so-called Arrhenius plots are used as indicators of changes in the reaction mechanism-i.e., changes of EA with temperature. Forty-six years later, Eyring (2) presented the transition-state theory whose central idea is also based on a quasithermodynamic equilibrium between the ground state and the activated complex (Kt): the reaction rate at any given temperature depends only on the concentration of the activated complex and the rate of crossover of this activated complex, k = (kBTK/h)-Kt = (kBTK/h)e-(AG*/R) = (kBTK/h).e(AS/R)e-(AHI/R), [1] where kB is the Boltzmann constant, h is the Planck constant, K is the transmission coefficient, AGt is the free energy of activation, ASt is the eniropy of activation, and Ait is the enthalpy of activation. (kBTK/h).e0Qs$/R) corresponds to the Arrhenius preexponential factor A. AGt, Alt, and TASt are the quasithermodynamic quantities of the equilibrium between the ground state and the activated complex (Ai = EA-RT). Whereas ASt can be either positive or negative, Alt is always positive for an elementary reaction step because energy is required to create the partly broken bonds of the activated complex. As with the Arrhenius expression, it follows from Eq. 1 that the rate constant becomes faster at higher temperatures. Since Eq. 1 is deriVed for elementary reaction steps, it cannot be applied directly to more complex protein-folding reactions; the rate of crossover of high-dimensional protein transition states may well be different from that of smaller molecules and, hence, it is not possible to obtain an absolute value for the free energy of activation. However, it may still be possible to interpret changes in AGt as well as the value of Alt, since these are directly linked to changes in the quasithermodynamic equilibrium between the ground state and the transition state in the protein-folding reaction (3) .
In this report, we show that the protein-folding process, which represents a high-dimensional reaction between amino acid residues and solvent molecules, displays, under some conditions, a negative activation enthalpy: the refolding rate constant becomes smaller with increasing temperatures (cf. refs. [4] [5] [6] [7] . The behavior appears to be associated with transient disruption of water molecules which are coordinated around the denatured protein, and it has implications for the interpretation of Arrhenius plots of any protein reaction involving large-scale conformational changes in aqueous solution.
EXPERIMENTAL PROCEDURES
Chymotrypsin inhibitor 2 (CI2) from barley was expressed and purified as described (8) , as was barnase (9) . The folding experiments were performed with a stopped-flow apparatus from Applied Photophysics, equipped with a mercury precision thermometer and connected to an external thermostat bath: 16 ,uM protein was denatured in 32 mM HCI (pH 1.5) and mixed 1:1 with a Mes refolding buffer (7 mM acid form and 93 mM sodium salt) to a final pH of 6.3. The refolding reaction was monitored by fluorescence, using a 315-nm cut-off filter with excitation at 280 nm. The rate constants were obtained by nonlinear regression analysis using the software package KALEIDAGRAPH (Adelbeck Software, Reading, PA).
RESULTS AND DISCUSSION
The two small proteins barnase and CI2 fold by different kinetics at 25°C. Barnase has been demonstrated to fold via multistep kinetics, with the process observed during the milAbbreviation: CI2, chymotrypsin inhibitor 2. *To whom reprint requests should be addressed.
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Proc. Natl. Acad. Sci (10) . C12, on the other hand, folds and unfolds by simple two-state kinetics (8) . Both proteins consist of single polypeptide chains with no crosslinks, and all their peptidyl-prolyl bonds are in the thermodynamically favored trans conformation. Between 70% and 80% of the molecules fold in a single rapid phase from the denatured conformation that has all trans peptidyl-prolyl bonds. The slow minor phases, resulting from the isomerization of cis peptidylprolyl bonds, are not analyzed here.
The temperature dependence of the refolding rate constant (kobs) is shown in Fig. 1 for C12 and in Fig. 2 (11) (Fig. 3) . The effect is thought to be due to differences in the hydration shell between the native and denatured protein conformations, which is manifested as a change in heat capacity ACN-D upon unfolding: the denatured protein has a more extensive hydration shell due to its larger surface area and exposure of hydrophobic residues, and the heat capacity is related to the heat required [3] where Tm is the reference temperature at which AHN-D(Tm) is determined, in this case the midpoint for the thermal unfolding transition. A graphical representation of AGN-D(7j is given in Fig. 3 (Fig. 1) . The parameters obtained from the fit of Eqs. 1 and 2 in Fig. 1 (Figs. 1 and 2) . In contrast to C12, barnase refolds from a compact denatured state at room temperature (Fig. 2) . At (8) (Fig. 2) . The change of denatured state in the preequilibrium has pronounced effects on the kinetics, since the observed refolding rate constant (kf°bs) is determined not only by the activation barrier (AG*-I() a kf) but also by the relative occupancy of I (C). In a three-state model [D a I . (4) 2 N] , k4bs = C/kf + ku, [4] Biochemistry: Oliveberg et al. difference between the compact denatured state and the transition barrier (kf), and its curvature reflects the difference in heat capacity of these two conformations (AHt-I(2980C) = 4 kcal/mol and AC --300 cal/mol/K). At temperatures above 33°C, it is apparent that the observed rate constant becomes progressively slower than kf (Fig. 2) . This deviation reflects the disappearance of I in the preequilibrium (kfbs = C-kf --0 as [I] -> 0).
Our results show that curved Arrhenius plots and (apparent) negative activation enthalpies can be due to heat-capacity changes in the activated complex, temperature-induced changes of the ground state, or a combination of both. In addition, nonlinearity can be caused by a change of ratelimiting step-i.e., a temperature-induced change of activation barrier. Accordingly, kinks or curvatures in the Arrhenius plot cannot be related directly to the reaction mechanism without some knowledge about the preequilibrium and the transition state. In particular, changes in heat capacity must be taken into account when evaluating protein reactions involving largescale conformational changes in aqueous solution. This may have implications for enzyme catalysis and electron-transfer reactions in which the rate-limiting step involves conformational switches of the structure.
